We used a pedestal test [Lu & Sperling (1995a) . Vision Research, 35, 2697Research, 35, -2722 to determine whether motion discrimination of contrast-modulated gratings has different properties at low contrast (4.5%) and at high contrast (45%). The amplitude-modulated gratings consisted of a 5 c/deg static carrier modulated by a moving 1 c/deg contrast envelope. We found that when contrast is low direction discrimination for contrast-modulated gratings is vulnerable to pedestals and becomes impossible at about 4 Hz. At high contrast contrast-modulated gratings are unaffected by pedestals and modulation sensitivity in a motion direction-discrimination task remains high up to 12 Hz. These results are consistent with the hypothesis that separate mechanisms analyse motion of contrast-modulated gratings at low and at high contrast; at low contrast motion analysis is based on feature tracking, whereas at high contrast, contrast-modulated gratings are analysed by spatio-temporal filters.
Introduction
One of the key questions in motion perception is the extent to which the motion of contrast-modulated patterns is analysed by similar or even identical mechanisms to those that analyse motion of luminance patterns. Structure or motion of luminance patterns, also known as Fourier (Chubb & Sperling, 1988) or first-order patterns (Cavanagh & Mather, 1989) , is defined by spatial or spatio-temporal variations in luminance. Contrast-modulated gratings, which are an example of non-Fourier (Chubb & Sperling, 1988) or second-order patterns (Cavanagh & Mather, 1989) , are defined, not by luminance variations, but by variations in contrast. Other higher-order image properties, such as flicker, binocular disparity, or even motion, can also be used to define second-order patterns.
Analysis of the motion of simple luminance patterns is widely accepted to be based on direction-selective, linear spatiotemporal filtering mechanisms (Adelson & Bergen, 1985; van Santen & Sperling, 1985; Watson & Ahumada, 1985) but human observers also sense motion of contrast modulations reliably even though the motion of these stimuli is invisible to spatio-temporal filtering mechanisms (Chubb & Sperling, 1988) . Therefore, it has been suggested that a special process is needed for motion analysis of contrast modulations (Wilson, Ferrera, & Yo, 1992; Mather & West, 1993; Ledgeway & Smith, 1994; Edwards & Badcock, 1995; Lu & Sperling, 1995a) . One possibility is that a simple non-linearity, like squaring or rectification, transforms second-order structure into first-order structure and after the transformation, motion of contrast-modulations is extracted by higher order filters that resemble those used in standard motion mechanisms (Chubb & Sperling, 1988; Wilson et al., 1992) .
It is also plausible that, under some circumstances at least, the motion of contrast-modulated patterns is analysed by the same mechanism that normally analyses motion of luminance patterns. For example, a motion analyser based on a mechanism that computes vectors of local spatial and temporal derivatives is also selective to motion of contrast-modulations (Johnston, McOwan, & Buxton, 1992) . Another possibility is that internal distortion products, generated by a non-linearity early in the visual pathway (Burton, 1973; Derrington, 1987; MacLeod, Williams, & Makous, 1992; Scott-Samuel & Georgeson, 1999) , cause the contrastmodulated patterns to generate similar signals to those generated by moving luminance patterns in the same neural elements. The existence of substantial internal distortion products would make it possible for motion of luminance-and contrast-modulated patterns to be detected by the same standard motion detection mechanism (e.g. spatio-temporal filtering analysis).
It would also be possible to analyse motion without dedicated motion sensors. It would be possible to encode motion in a visual scene by locating the position of elements or features in the scene and tracking their positional change over time (e.g. Ullman, 1979; Seiffert & Cavanagh, 1998) . Tracking features is possible in both first-and second-order patterns (Smith, 1994) and it has been suggested that feature tracking may be important when it is impossible to derive reliable motion signals any other way (Anstis, 1980; Cavanagh & Mather, 1989) and that variations in the perceived direction of motion of complex patterns may be accounted for by the variations of the salience of particular features as presentation conditions vary (Derrington, Badcock, & Holroyd, 1992; Smith, 1994; Bowns, 1996) . Lu and Sperling (1995a) introduced the pedestal technique in order to distinguish between these different functional architectures of visual motion perception. They added a pedestal, i.e. a static replica of the moving stimulus, to a moving stimulus in order to distinguish between motion percepts that are generated by tracking features in a pattern and those generated by spatio-temporal filtering. The rationale of the pedestal test is that tracking the features over time is prevented by the pedestal because it makes the features oscillate without moving in any consistent direction. Motion analysers based on spatio-temporal filters can be designed in a way that renders them immune to pedestals (Lu & Sperling, 1995a) . They found that luminance patterns and contrast-modulated patterns were resistant to pedestals and concluded that motion analysis of neither luminancenor contrast-modulated patterns is based on featuretracking (Lu & Sperling, 1995a) .
The contrast-modulated noise patterns used by Lu and Sperling had a high mean contrast (50%). We reported earlier that in a low-contrast plaid pattern where the luminance and contrast modulations move in the opposite directions the pedestal disrupts the motion analysis of contrast modulations but leaves the motion percepts of luminance modulations unaffected (Derrington & Ukkonen, 1999) .
In this paper we investigate whether raising the mean contrast of a contrast-modulated pattern makes the motion percept it elicits resistant to pedestals. We study how a pedestal affects direction discrimination performance of contrast-modulated gratings at low mean contrast (4.5%) and at high mean contrast (45%). We find that pedestal immunity of contrast-modulated patterns found by Lu and Sperling (1995a) only occurs at high contrasts. We conclude that different mechanisms analyse motion of high-and low-contrast contrast-modulated gratings.
Methods

Stimuli
The stimuli used in our experiments were sinusoidal gratings and contrast-modulated gratings. Our sinusoidal grating is described by the equation
where L 0 is the mean luminance of the screen (48 cd/m 2 ), C is the Michelson contrast of the grating, f is the spatial frequency (1 c/deg), is the temporal frequency (1, 3 or 12 Hz), and is the spatial phase. Fig.  1a shows a space-time plot of a sinusoidal grating making five rightward jumps of 1/5 cycle during a presentation interval.
Our contrast-modulated grating is described by the equation
where L 0 is the mean luminance of the screen (48 cd/m 2 ), C the contrast of the carrier (4.5 or 45%), f c the spatial frequency of the carrier (5 c/deg), c the spatial phase of the carrier, m the modulation depth of the contrast envelope, f e the spatial frequency of the contrast envelope (1 c/deg), the temporal frequency of the contrast envelope (1, 3 or 12 Hz), and e the spatial phase of the contrast envelope. The space-time plot (Fig.  1b) shows that a moving contrast-modulated grating is formed by a static carrier (the high frequency component is not tilted in space-time) and a contrast envelope which makes five jumps of 1/5 cycle to the right.
Our contrast-defined stimulus consists of a 5 c/deg sinusoidal carrier and a 1 c/deg contrast envelope. The contrast envelope is generated by adding a 4 c/deg grating moving in the opposite direction to the contrast envelope and a 6 c/deg sinusoidal grating moving in the same direction as the contrast envelope to the static carrier. Because the two components of the contrast envelope differ in spatial frequency but not in temporal frequency their motion energies do not completely cancel each other. This results in an imbalance of the net motion energy and this imbalance means that the lower spatial frequency component moves further. It is known that observers can detect the imbalance and it is possible to use it as a basis for their direction discriminations. However, the visual system is more sensitive to the component with the lower spatial frequency particularly at higher temporal frequencies (e.g. Henning & Derrington, 1988; Derrington, Badcock, & Henning, 1993) . The lower spatial frequency component moves in the opposite direction to the envelope in our contrastdefined stimuli and if the observers had based their direction discriminations on the lower frequency component they would have reported the reverse direction of motion. As this is clearly not the case we are confident that the observers were responding to the moving envelope despite the slight imbalance in the net energy of the stimuli.
In all experiments the moving stimulus was either presented alone (Fig. 1a,b ) or interleaved with a pedestal which is a static replica of a moving stimulus (Fig. 1c,d ). Adding a static pedestal to a moving sinusoidal grating gives
where C p is the contrast of the pedestal (chosen to be twice the value at which it became possible to discriminate the direction of motion of the sinusoidal grating), and p is the spatial phase of the pedestal. Other details are the same as in Eq.
(1). When a pedestal is added to a moving pattern it causes the features to oscillate back and forth without movement in any consistent direction (Fig. 1e,f) . Pedestal immunity holds for sampled motion stimuli when: (i) the duration of the stimulus is one cycle plus an extra frame and; (ii) the time constant of the output filter in is long relative to a stimulus cycle (Lu & Sperling, 1995a) . By presenting an integer number of temporal cycles of the stimulus (five jumps= six frames where the first and the last frames were identical) we made sure that the pedestal immunity of Reichardt detectors was obtained.
The contrast of the pedestal was based on subjects' individual direction-discrimination thresholds at different temporal frequencies (see Fig. 2 for individual values of pedestal contrasts at 3 Hz) as in Lu and Sperling's (1995a) original pedestal study. Lu and Sperling (1995a) used a range of pedestal amplitudes (0× , 1× , 2× and 7× estimated threshold) and they found that the 2× pedestal (a standard pedestal) did not impair the motion direction judgments of luminance modulations (first-order stimuli) or texture-contrast modulations (second-order stimuli). They suggested that the immunity of luminance and texture-contrast modulations to a standard pedestal is strong confirmation of the prediction from motion-energy analysis. However, the standard pedestal reduced observers' performance for depth-and motion-modulation stimuli (third-order stimuli) to chance levels and they suggested that motion extraction of depth and motion modulations does depend on feature tracking. Our aim was to: (i) see whether we can replicate Lu and Sperling's texture-contrast modulation findings for contrast-defined patterns at different contrast levels when using their standard 2 × pedestal; and (ii) exploit the distinction a standard 2 × pedestal seems to make between motion energy and feature-tracking mechanisms.
Our moving contrast-modulated grating with a static pedestal is described by the equation
where m p is the modulation depth of the pedestal (chosen to be twice the measured direction discrimination threshold of the moving contrast-modulated grating), and p is the spatial phase of the pedestal. The modulation depth of the pedestal was based on individual discrimination thresholds at different temporal frequencies (see Figs. 3 and 4 for values of pedestal modulation depths). Other details are the same as in Fig.  2 . Adding a pedestal to a moving contrast-modulated pattern did not change the mean contrast as the same carrier (contrast of 4.5 or 45%) was modulated by the sum of the pedestal envelope and the test envelope (Fig.  1f) . The initial spatial phases of all patterns were random and the duration varied from 1.2 s to 100 ms resulting in average temporal frequencies from 1 to 12 Hz.
Apparatus
Patterns were generated by a display controller, the Cambridge Research Systems VSG 2/1, and displayed on a high resolution monitor (Mitsubishi Diamond Pro 20). On each frame of the display (frame rate 120 Hz) the patterns were presented within a circular patch whose diameter subtended a visual angle of 6°at the 283 cm viewing distance. The rest of the visible screen had the mean luminance of the display (48 cd/m 2 ).
Up to two different patterns were interleaved in pairs. Each member of the pair was presented on alternate lines and the two pairs were presented on alternate frames. Two different stimulus pairings were Fig. 3 . Performance in discriminating direction of motion of a low-contrast (4.5%) contrast-modulated grating presented alone (filled symbols) or interleaved with a pedestal (open symbols). At 1 Hz the pedestal has a moderate effect on discrimination performance whereas it makes the task impossible at 3 Hz. Observers are unable to discriminate the direction of motion altogether at 12 Hz. The modulation depth for pedestals were 0.3 at 1 Hz and 0.5 at 3 Hz for subject OIU and 0.25 and 0.5, respectively for subject DM. . Performance in discriminating direction of motion of a high-contrast (45%) contrast-modulated grating presented alone (filled symbols) or interleaved with a pedestal (open symbols). The pedestal has almost no effect on discrimination performance at all temporal frequencies. The modulation depth for pedestals were 0.16, 0.14, and 0.16 at 1, 3 and 12 Hz for subject OIU and 0.10, 0.2 and 0.25, respectively for subject DM.
used: (1) the sum of a moving and a static sinusoidal grating; (2) the sum of a moving and a static contrastmodulated grating. The patterns were modulations of luminance or contrast without any changes in space-average luminance. In all experiments the patterns were switched on and off abruptly.
The patterns were generated by storing lookup table index values in separate pages of video memory, which were displayed on alternate frames. Separate lookup tables, each containing 251 gamma-corrected luminance values corresponding to a full cycle of a sinewave or a contrast-modulated waveform, were maintained for each pattern.
Thus the part of display memory representing each pixel contained an 8-bit number which indicated the phase of the sinusoid or the contrast modulated grating at that point of the picture. The lookup table was used to convert that phase into three numbers, which, when loaded in the three 8-bit DACs, gave the luminance or contrast-modulation required at that phase for a pattern of the required contrast or modulation depth. More precise control of the contrast was obtained by summing the DAC outputs of the framestore with different gains (Pelli & Zhang, 1991) .
The contrast, the modulation depth, and the spatial position of the pattern were varied by selecting different lookup tables. For sinusoidal gratings, pre-calculated lookup tables (240) coding contrasts from 1 down to 0.001 in steps of 0.0125 log units were stored in graphics memory.
The number of pre-calculated lookup tables was the same for contrast-modulated gratings but four lookup tables were reserved for each modulation depth in order to obtain stimuli with different phase relations between the carrier and the envelope. The carrier always had a fixed phase and contrast (4.5 or 45%) but the envelope had four random spatial phases. Thus, there were only 60 lookup tables for each phase relationship and the modulation depth from 1 to 0 changed in nominal steps of 0.05 log units.
In all cases a new lookup table could be loaded in the interval between frames so that the two interleaved patterns could have different contrasts and modulation depths.
Subjects
One of the authors and one trained observer served as subjects. They viewed the screen with natural pupils and without head restraint. All had normal or corrected-to-normal vision and were instructed to fixate the centre of the screen.
Procedure
Subjects were required to discriminate the direction of motion in a temporal 2AFC task with no feedback. Each trial was initiated by a key-press and consisted of two temporal intervals signalled to the observer by bursts of audible noise. During one interval, chosen at random, the pattern moved to the right and during the other interval it moved to the left. The subject's task was to signal whether the pattern had moved to the left or to the right during the first interval.
The stimulus to be presented was randomly chosen from a set of five that differed only in contrast or modulation depth. No stimulus could be presented for the nth time until all stimuli had been presented n−1 times. A computer controlled the selection and presentation of stimuli and the recording of the responses. Fig. 2 shows the performance of two observers discriminating the direction of motion of a sinusoidal grating (moving at 3 Hz) as a function of contrast. The grating was presented alone, or interleaved with a pedestal.
Results and discussion
Luminance patterns and pedestals
The performance varied from 52% correct at low contrasts to 100% correct at high contrasts. The two psychometric functions for each observer were almost identical indicating that the pedestal does not affect the direction discrimination performance.
This confirms the result of Lu and Sperling (1995a) who found that when they added a pedestal with amplitude twice the measured threshold of the moving stimulus to a moving sinewave grating of threshold contrast, the direction discrimination performance at threshold was unaffected. This observation is consistent with the view that luminance-based motion perception is mediated by a mechanism that is resistant to a pedestal, such as the motion energy mechanism. To test whether contrast-modulated patterns are detected by a similar mechanism we added pedestals to contrast-modulated gratings of low and high contrasts. Fig. 3 shows the performance of two observers discriminating the direction of motion of a low contrast (4.5%) contrast-modulated grating presented either alone or interleaved with a pedestal as a function of modulation depth at 1, 3 and 12 Hz.
Contrast-modulated gratings and pedestals at low contrast
At 1 Hz the performance with and without a pedestal varied from 40% correct at low modulation depths to 100% correct at high modulation depths. The pedestal affected the direction discrimination performance: both subjects needed about 0.1 log units more modulation to discriminate the direction of motion when the pedestal was present. Lu and Sperling (1995a) found that observers' performance level remained at the 75% correct level whether a pedestal was present or not. However, at a modulation depth of 0.177 (nearest measured point to the discrimination threshold of 75% correct) subject OIU discriminated direction of motion correctly on 84% of trials without a pedestal but she only reached 54% correct with a pedestal. At a modulation depth of 0.126 subject DM's performance was reduced from 78% without a pedestal to 56% with a pedestal.
At 3 Hz the performance without the pedestal varied from 54% correct at low modulation depths to 100% correct at high modulation depths but when the pedestal was added the performance fluctuated about the chance level (50%) at all modulation depths. At a modulation depth of 0.251 subject OIU's performance was reduced from 74 to 54% with a pedestal whereas at a modulation depth of 0.354 subject DM's performance was reduced from 84 to 68%.
The mechanism mediating motion of contrast-modulated patterns with low contrast seems to be vulnerable to pedestals. It also seems to be sensitive only to low and medium temporal frequencies: at 12 Hz when contrast-modulated gratings were presented alone the performance fluctuated about the 50% chance level even at the highest possible modulation depth (0.5) in our experiment. It seems that at this temporal frequency it is impossible to discriminate direction-of-motion of contrast-modulated patterns with low contrast.
The results suggest that motion of contrast-modulated patterns with low contrast is detected by a mechanism that is vulnerable to a pedestal and that has poor temporal resolution. Our finding appears to be in conflict with Lu and Sperling's (1995a) result that the mechanism sensing the motion of contrast-modulated noise patterns is not vulnerable to pedestals and has good temporal resolution. Their stimuli however used two-dimensional noise carriers with a high space-average contrast (50%) whereas our stimuli used one-dimensional carriers with a low space-average contrast (4.5%). As we shall discuss below, there are reasons to suppose that high-contrast contrast-modulated patterns generate detectable internal distortion products that would produce significant motion signals in luminance motion mechanisms. This would provide a way for high contrast contrast-modulated patterns to resist pedestals.
For this reason, we tested whether raising the space-average contrast of our contrast-modulated grating causes its motion to be analysed by a mechanism that is resistant to pedestals.
Contrast-modulated gratings and pedestals at high contrast
Direction discrimination performance for high-contrast (45%) contrast-modulated gratings with and without a pedestal is plotted against modulation depth in Fig. 4 .
At 1 Hz the performance varied from 40% correct at low modulation depths to 100% correct at high modulation depths. Subject OIU needed about 0.1 log units more modulation to do the discrimination task with the pedestal than without whereas subject DM's performance was generally unaffected by the pedestal. At a modulation depth of 0.089 subject OIU's performance was reduced from 94 to 72% with a pedestal and at a modulation depth of 0.063 subject DM's performance was reduced from 88 to 61%.
At 3 Hz the performance varied from 44% correct at low modulation depths to 100% correct at high modulation depths. The two psychometric functions for each observer were almost identical, indicating that the performance was unaffected by the pedestal. At a modulation depth of 0.089 subject OIU's performance was almost unaffected: it was 88% without a pedestal and 84% with a pedestal. Similarly, at a modulation depth of 0.126 subject DM's performance was 74% without a pedestal and 70% with one.
At 12 Hz the performance varied from 48% correct at low modulation depths to 100% correct at high modulation depths. Again subject OIU needed 0.1 log unit higher modulation depth to discriminate the direction of motion with the pedestal while psychometric functions of subject DM overlapped implying that his performance was not affected by the pedestal. Subject OIU's performance showed a reduction from 86 to 60% with a pedestal (modulation depth of 0.089) and subject DM's from 74 to 68% (modulation depth of 0.126).
In summary, in agreement with Lu and Sperling (1995a) , the mechanism that senses the motion of contrast-modulated patterns with high space-average contrast is generally resistant to pedestals. Fig. 5 summarises the data from Figs. 3 and 4 and shows the modulation sensitivity (the reciprocal of modulation depth required for 75% correct discrimination) for high and low contrast contrast-modulated gratings plotted against temporal frequency. For contrast-modulated gratings with high contrast the modulation sensitivity remains rather high up to 12 Hz and the pedestal has little if any effect on modulation sensitivity. However, the modulation sensitivity for contrast-modulated gratings with low contrast declines from 1 Hz. Without the pedestal the direction discrimination task is possible up to 4 Hz after which it becomes impossible. Performance with the pedestal declines even more rapidly: it is impossible to discriminate the direction of motion with a pedestal at any temporal frequency above 1 Hz. Fig. 6 shows similar results for luminance-modulated patterns. Contrast sensitivity, based on thresholds for discriminating direction of motion of sinusoidal gratings presented alone or with the pedestal, is plotted as a function of temporal frequency. Contrast sensitivity for sine gratings remains high at temporal frequencies up to 12 Hz. Sensitivity peaks at about 3 Hz and it is the same whether the sine gratings are presented alone or with pedestals.
General discussion
The results show that motion discrimination of contrast-modulated gratings has different properties at low contrast and at high contrast. Firstly, direction discrimination performance for contrast-modulated gratings with low mean contrast is vulnerable to pedestals and becomes impossible at about 4 Hz. Secondly, contrastmodulated gratings with high mean contrast, like luminance gratings, are immune to pedestals and modulation sensitivity remain high up to 12 Hz as does contrast sensitivity to moving luminance patterns. This suggests that separate mechanisms analyse motion of contrast-modulated gratings at low and at high contrast.
The findings raise three main questions. What is the mechanism that analyses the motion of contrast-modulated gratings with low mean contrast? What is the mechanism that analyses the motion of contrast-modulated gratings with high mean contrast? What causes the changeover from one mechanism to another?
Motion mechanism analysing contrast-modulated gratings at low contrast
When the mean contrast of contrast-modulated gratings was low (4.5%) we found that the motion percepts they elicit are vulnerable to pedestals and the mechanism mediating the motion has poor temporal resolution. Following the rationale of the pedestal test (Lu & Sperling, 1995a) it is likely that at low mean contrasts motion of contrast-modulations is mediated by tracking features. Several studies have suggested that the motion analysis of contrast-modulated patterns may be based on locating and tracking local features (e.g. Holliday & Anderson, 1994; Seiffert & Cavanagh, 1998; Derrington & Ukkonen, 1999) . Holliday and Anderson (1994) studied whether luminance-modulated and contrast-modulated patterns (beats) are analysed by the same motion mechanism. They conducted adaptation experiments using luminance and beat patterns as their test and adaptation stimuli. The rationale of their experiments was that if the luminance and beat patterns were detected by the same mechanism adaptation should reduce sensitivity to both patterns similarly. They found that adaptation curves were similar at high temporal frequencies (\4 Hz) but not at low temporal frequencies. They suggested that contrast-modulated motion at low and high temporal frequencies is analysed by different mechanisms and concluded that at slow drift rates the motion of contrast-modulated beats can be based on comparisons of local luminance features. Seiffert and Cavanagh (1998) found that motion thresholds of contrast patterns were determined by the size of the spatial displacements they undergo during motion whereas those of luminance patterns were determined by the velocity. Their result supports the view that the motion of contrast modulations is analysed by feature tracking.
We (Derrington & Ukkonen, 1999) reported earlier that when a plaid jumps 3/8 of its spatial period the contrast envelope and the luminance waveform signal opposite directions of motion. Observers reported that the plaid moved in the direction of contrast envelope at temporal frequencies up to 3 Hz and in the direction of Fig. 5 . Modulation sensitivity for contrast-modulated gratings plotted against temporal frequency. Sensitivity for high-contrast contrast-modulated gratings remains high up to 12 Hz and the pedestal has little if any effect on direction discrimination performance. Sensitivity for low contrast contrast-modulated gratings declines from 1 Hz and without a pedestal the task is possible only up to 4 Hz. With a pedestal direction discrimination is impossible above 1 Hz. luminance waveform at higher temporal frequencies. The motion percepts mediated by contrast envelopes were found to be vulnerable to pedestals whereas percepts generated by luminance waveform were immune to them. We suggested that motion of contrast envelopes is analysed by tracking the features.
The current experiment does not tell us what type of feature-tracking mechanism might be responsible for extracting the motion of low-contrast contrast-defined patterns. Furthermore, it was not designed to shed light what kind of features might be tracked. The feature tracking mechanism could be like the mechanism proposed by Cavanagh (1992) that requires attention to moving stimuli. Our findings could also be explained by a feature-salience motion mechanism (Lu & Sperling, 1995b) where the locations of significant features are registered in a salience map and the motion is then computed from spatio-temporal changes in this map. It is also possible that the mechanism involved might automatically track features or that we are able to make a cognitive judgment that the position of some image features have changed without the sensation of motion. Further work is needed to address these important questions.
On the face of it, both the result with plaid contrast envelopes and our current finding appear to be in conflict with Lu and Sperling's (1995a) result that the motion of contrast-modulated patterns is mediated by a mechanism that is immune to pedestals. Their contrast -modulated stimuli used two-dimensional noise carriers with a high space-average contrast (50%) whereas our stimuli used one-dimensional carriers with a low space-average contrast (4.5%). However, as Figs. 4 and 5 show, if we increase the mean contrast of contrast-modulated gratings this makes them resistant to pedestals.
Motion mechanism analysing contrast-modulated gratings at high contrast
Our results show that luminance gratings and highcontrast (45%) contrast-modulated sinusoidal gratings are generally immune to pedestals and the mechanism analysing their motion has high temporal resolution. This extends the findings of Lu and Sperling (1995a) , who used luminance gratings and high-contrast modulated noise textures, to sinusoidal carriers. However, immunity of contrast-modulated patterns to pedestals cannot be generalised to all contrast-modulated patterns as our results with low contrast sinusoidal carriers clearly demonstrate.
The similar behaviour of luminance gratings and high-contrast contrast-modulated patterns is consistent with the suggestion that high-contrast contrast-modulated patterns are processed by similar motion filters to those that process the motion of luminance patterns. This view is supported by the evidence that motion can be detected in contrast-modulated high-contrast noise patterns without tracking features (Smith, 1994) .
This also raises the possibility that these high-contrast contrast-modulated patterns generate moving distortion products that activate the same motion filters than normally process luminance patterns. There is physiological and psychophysical evidence that highcontrast contrast-modulated sinusoids generate internal distortion products (e.g. Derrington, 1987; Holliday & Anderson, 1994; Scott-Samuel & Georgeson, 1999) and it is plausible that the magnitude of distortion products is enough under some circumstances to account for motion perception of contrast-modulated gratings. Holliday and Anderson (1994) found in their adaptation experiments that adaptation curves for beats and luminance modulations were similar at higher speeds (8-16 Hz). They concluded that at higher speeds their findings are consistent with a hypothesis that early non-linearity gives rise to a distortion product and its motion is then analysed by a spatio-temporal filtering mechanism.
Scott-Samuel and Georgeson (1999) obtained results consistent with the hypothesis that a compressive early non-linearity produces internal distortion products from contrast-modulated gratings. They then studied whether these distortions would account for perceived motion of pure contrast-modulated image sequences. At high mean contrasts (54 and 76.4%) and at high speeds (15 Hz) they reported that motion perception of contrast-modulated gratings could well be based on distortion products. They concluded however that these internal distortion products did not account for the motion of contrast-defined patterns at low contrasts and at low temporal frequencies because the perceived motion of contrast-defined patterns could not be nulled by adding luminance contrast equal to the distortion products at lower temporal frequencies (3.75 and 7.5 Hz).
In their original pedestal experiments (Lu & Sperling, 1995a) used contrast-modulated stimuli with a high space-average contrast (50%). Sperling and Lu (1998) estimated the possible first-order contamination in their stimuli (Lu & Sperling, 1995a) and concluded that the amount of contamination was not enough to contribute to their original pedestal results on second-order motion.
Allen, Ukkonen, and Derrington (2000) studied whether contrast-defined patterns produce directionspecific threshold elevation and found no adaptation effects either for low-contrast (5%) or high-contrast (50%) contrast-defined patterns. However, the experiments were conducted at a low temporal frequency (2 Hz) at which Scott-Samuel and Georgeson (1999) found that existing internal distortions did not account for motion perception of contrast-defined patterns. It is therefore possible that at high temporal frequencies (above 10 Hz) they might have found similar threshold elevation for high-contrast contrast-defined patterns produced by the internal distortion products as for luminance-defined patterns.
There are other plausible explanations that do not involve distortion products for the hypothesis that an identical or similar mechanism might process high-contrast contrast-modulated gratings and luminance gratings. One possibility is that there are special second-order motion sensors dedicated to analyse motion of contrast modulations and these sensors have identical temporal resolution to the mechanism mediating motion of luminance patterns. However, if such sensors exist, it is surprising that they do not respond to contrast-modulated gratings at low contrast.
Another possibility is that the motion sensor that processes moving luminance patterns might use a mode of operation that senses motion of both contrast modulations and luminance patterns. For example, the motion sensors of the multichannel gradient model can be sensitive to both types of motion (Johnston et al., 1992; Johnston & Clifford, 1995) . However, this leaves the problem of explaining why the temporal resolution and pedestal resistance of the same motion sensor should vary with contrast.
It is plausible that the same mechanism responds differently to contrast modulations and luminance patterns. Mareschal and Baker (1998) found, in cat area 18, neurons that responded both to sinusoidal gratings and contrast envelopes and had the same spatial characteristics. However, the neurons preferred lower temporal frequencies for contrast envelopes than for sinusoidal gratings. O'Keefe and Movshon (1998) studied responses of neurons to first-and second-order patterns in monkey's area MT and found that only a minority of their recorded cells responded selectively to both first-and second-order motion. These selective cells exhibited similar tuning to the spatial frequency and the direction of motion of first-and second-order patterns but they preferred lower temporal frequencies and also exhibited poorer contrast sensitivity for second-order patterns.
It has been suggested by one of the reviewers that the poorer visibility of the low contrast carrier could account for the differences in performance for low-and high contrast contrast-modulated gratings with pedestals. The carrier of a low-contrast contrast-modulated grating has a contrast of 4.5% that is well above the detection threshold of the observers. Modulation thresholds were 0.16 at 1 Hz and 0.42 at 3 Hz for subject OIU and 0.13 and 0.31, respectively for subject DM which means that even the lowest-contrast parts of the carrier were 3.8 and 2.6% for subject OIU and 3.9 and 3. 1% for subject DM, which are all well above the threshold. We believe that the differences in performance are not due to carrier visibility.
Possible causes for the changeo6er from one mechanism to another
Why do the hypothetical distortion products seem to play a role only when the contrast is high? If the distortion product were generated by a quadratic nonlinearity its magnitude would be proportional to the product of carrier contrast and sideband contrasts. At threshold modulation depth the magnitude of the distortion product would be 200-300 times larger at the higher contrast when the carrier contrasts differ by a factor of ten as in our study. Therefore, high contrast is needed to ensure that distortion products are large enough to activate spatio-temporal filtering mechanisms. Derrington and Badcock (1986) found that at low contrasts (up to 25%) observers detected a beat pattern when the contrast increment produced by a beat reached threshold rather than detecting a beat as a distortion product. They suggested that at high contrasts distortion products might be easier to detect than a contrast variation of the carrier because increment detection thresholds increase with contrast (Legge, 1981) .
Even though our results generally indicated that motion percepts elicited by contrast-modulated gratings at high contrast were resistant to pedestals, our observers were affected by a pedestal at the lowest and the highest temporal frequencies. The same is true of the results obtained with luminance gratings plotted in Fig. 6 . This suggests that standard filtering mechanisms are not the only motion-analysing mechanism available but that feature tracking can also take place at low and high speeds when the contrast is high. Scott-Samuel and Georgeson (1999) also found that even at high contrasts and higher speeds some of their observers based their motion judgments on a mixture of different strategies or other attributes than distortion products.
We suggest that motion of low contrast contrastmodulations is extracted by locating and tracking features. One explanation for the high temporal resolution at high contrasts is that under these circumstances the moving contrast patterns are processed by mechanisms similar or identical to those that normally process moving luminance patterns. We suggest that distortion products generated early in the visual pathway make high-contrast contrast-modulated gratings at high temporal frequencies visible to spatio-temporal filters. This view is consistent with the proposal of Scott-Samuel and Georgeson (1999) .
This dichotomy between feature-tracking and spatiotemporal filtering has also been suggested by Cavanagh (1992) who has proposed a similar distinction in his passive and active motion detection model. He describes the passive motion process to be a low-level operation based on spatio-temporal filtering whereas the active process is based on a higher-level, attentive tracking of features or objects. In his experiments Smith (1994) used contrast-modulated noise stimuli which signalled opposite directions of motion in energy-based mechanisms (e.g. spatio-temporal filters) and feature-tracking mechanisms. He found that normally motion of contrast modulations was mediated by energy-based mechanisms but when a 60 ms interstimulus interval (ISI) was introduced between frames, motion was extracted by tracking features. When he added a static mask to the contrast-modulated patterns in order to disrupt the features in the moving stimuli without affecting the motion energy in the image, he found that with ISI, direction detection performance was severely affected by a mask whereas performance without ISI was left unaffected. He suggested that normally energy-based mechanisms mediate motion of contrast-modulations but when circumstances become unfavourable to energy-based mechanisms feature tracking takes over. He also suggested that one mechanism can operate on features whether they are defined either by luminance or by contrast.
We conclude that there is a switch-over from one motion mechanism to another when the contrast of contrast-modulated patterns increases. Mean contrast might be the key issue in motion analysis of contrast modulations. The true nature of contrast modulations and motion mechanisms analysing their motion might be only revealed when the mean contrast of these patterns is low; maybe we always track features in contrast-modulated patterns at low and moderate contrasts. Increasing the mean contrast of contrast modulations seems to render them visible to standard motion mechanisms and in some circumstances this could be achieved by internal distortion products or by detectable contrast increments in the carrier (Derrington & Badcock, 1986) .
